Birds originated and radiated in the presence of another group of flying vertebrates, the pterosaurs. Opinion is divided as to whether birds competitively displaced pterosaurs from small-body size niches or whether the two groups coexisted with little competition. Previous studies of Mesozoic birds and pterosaurs compared measurements of homologous limb bones to test these hypotheses. However, these characters probably reflect differing ancestries rather than ecologies. Here, competition and ecological separation were tested for using multivariate analyses of functionally equivalent morphological characters. As well as using characters from the fore-and hindlimbs, these analyses also included measurements of the lower jaw. The results of this study indicate that pterosaurs had relatively longer jaws, shorter metatarsals and shorter brachial regions compared with birds of similar size. Contrary to the results of previous studies, the distal wing was not important for separating the two clades in morphospace owing to the inclusion of the primary feathers in this unit. The differences found here indicate ecological separation based on differences in size, locomotory features and feeding adaptations. Thus, instead of one group displacing the other, birds and pterosaurs appear to have adopted distinctive ecological strategies throughout their period of coexistence.
Introduction
When birds evolved from non-volant theropods another group of flying vertebrates, the pterosaurs, were already diverse and common. These two groups coexisted for approximately 90 Myr until the end of the Cretaceous and the extinction of pterosaurs. It has been suggested that during this time the two clades competed ecologically, with birds outcompeting smaller pterosaurs, leading to the increased body size and declining diversity of pterosaurs through the Cretaceous [1] . Evidence used to support this includes the co-occurrence of birds and pterosaurs in Late Jurassic and Cretaceous deposits, a trend of increasing body size minima and maxima in pterosaurs starting at the end of the Jurassic and similarity in diet [1] [2] [3] . Interestingly, their co-occurrence has also been used to suggest ecological separation [4] .
Morphological studies have the potential to test the hypothesis of ecological overlap when the traits analysed are linked to life habits. Previous comparative studies of skeletal morphology have found the two groups to overlap little if at all in morphospace [5, 6] . These studies compared proportions of the homologous skeletal elements making up the wings and legs, and concluded that there is a lack of evidence for ecological competition owing to separation in morphospace [5, 6] . However, the wings of pterosaurs and birds are constructed in very different ways, reflecting their long separate evolutionary histories. Pterosaurs have an extremely elongated fourth manual digit, which along with the rest of the arm supports a membrane that extends down to the hindlimb [7, 8] . In birds, the bones of the hand are reduced and fused to form the carpometacarpus, and feathers form the aerofoil surface as well as a large portion of the leading edge of the wing (figure 1). As such, the primary feathers substantially increase functional avian wing length by up to 100% [11] ; by contrast, the full length of the pterosaur wing can be measured solely from the wing bones (figure 1). Thus, these studies essentially compared the full wing of pterosaurs with half of the avian wing.
Recent research also indicates that the distal-most wing joint in pterosaurs is between the fourth metacarpal and the first phalanx of the flight finger, with movement at the wrist restricted [12, 13] . The distal wing joint in birds is at the wrist, and thus all other structures distal to this point (the carpometacarpus, digits, primary feathers) are functionally equivalent to the phalanges of the wing finger in pterosaurs [12] (figure 1). As such, the approach of comparing homologous skeletal elements to infer ecological separation is flawed, because these units are not functionally comparable and reflect differences in ancestry rather than locomotion or ecology.
A means of avoiding these issues is to compare functionally analogous traits rather than homologous structures. Based on previous works, this study divides the wings of pterosaurs into units functionally analogous to those of birds (figure 1), and measurements of these units are used as variables in principal component analyses. The lengths of the leg bones and measurements of the mandible are included to integrate traits associated with both locomotion and feeding. In addition, the accuracy of wing length estimates based on the summation of wing element lengths is tested by comparing estimated lengths with estimates that have been corrected for elbow angle at full wing extension. This is an important concern given previous comparisons of wingspans have been used to support the hypothesis of competition between the two clades [1] .
Material and methods (a) Data collection
For both pterosaurs and early avians, measurements of the lengths of the mandible, humerus, ulna, femur, tibiotarsus and longest metatarsal as well as maximum mandible depth were compiled from the published literature (electronic supplementary material, datasets S1 and S2). For the hand skeleton of pterosaurs, lengths of metacarpal IV and the phalanges of digit IV were taken. For birds, manus length (carpometacarpus plus digit II, not including the ungual) was used. Measurements that were not reported in publications were taken by measuring published images using IMAGEJ (electronic supplementary material, datasets S1 and S2).
Several pterosaur species are represented by large numbers of individuals (e.g. Rhamphorhynchus muensteri, Pterodactylus kochi, Pterodactylus antiquus). However, owing to the high proportion of immature individuals in these samples [14 -16] , species averages were not employed. Instead, the largest complete individuals were used as representatives. In cases where a limb element was missing, the relative proportions of similarly sized individuals of the same species (if available) were used to calculate the length of the missing element (electronic supplementary material, dataset S1). A number of species have been described based on individuals that were not osteologically mature according to the criteria laid out by Bennett [17] , such as lack of fusion of combined bones (e.g. scapula -coracoid), grainy surface texture of long bones and poorly ossified epiphyses. However, these criteria were used to distinguish subadults that were similar in size to osteologically mature individuals and likely filled the same niches [17] . As a result, individuals that did not exhibit full skeletal fusion were included in the dataset when no complete, fully mature individuals were available. However, those species represented only by individuals that exhibited extensive lack of skeletal fusion, poor ossification and graining of long bones were excluded as these characters indicate the animal was still growing rapidly [17, 18] . These criteria were also used for the avian dataset.
(b) Primary feather length estimation
As feathers are not preserved in all avian specimens, an equation for estimating average primary feather length was formulated using regression of mean primary feather length against wing bone lengths in 25 Mesozoic bird specimens with preserved primary feathers attached to the hand. Average primary feather lengths were taken from Wang et al. [19] , with some additional measurements taken from published images using IMAGEJ (electronic supplementary material, datasets S1 and S2). A stepwise function in the R package 'AICcmodavg' [20] , based on Akaike's information criterion corrected for small sample size (AICc) [21, 22] , was used to find the best combination of forelimb measurements for predicting primary feather length. Of the three skeletal elements (humerus, ulna and manus), manus length alone was found to be the best predictor (AICc ¼ 228. 50 Figure 1 . Bird (top) and pterosaur (bottom) wing diagrams showing the method used to correct wing lengths for elbow flexion angle. Humerus (a) and ulna (b) lengths and elbow angle (g) were input into equation (2.3).
The resultant length was summed with distal wing length (manus length þ average primary feather length) in the case of birds, and metacarpal IV plus the distal wing (sum of the phalanges of digit IV) in pterosaurs. Pterosaur diagram redrawn from Wilkinson [9] with the pteroid directed medially [9, 10] .
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The forelimbs were divided into three functional units: brachial, antebrachial and distal wing. For pterosaurs, the composition of the units was brachial ¼ humerus, antebrachial ¼ ulna þ metacarpal IV and distal wing ¼ digit IV. For avians, the units were brachial ¼ humerus, antebrachial ¼ ulna and distal wing ¼ carpometacarpus þ digit II þ mean primary feather length (figure 1). These units were based on the functional descriptions of Prondvai & Hone [12] . The lengths of the units and the lengths of the leg bones and mandible measurements were subjected to a principal component analysis (PCA) using the standard 'princomp' function in R v. 3.1.0 [23] . For this analysis, 19 species of pterosaur had sufficiently complete representatives for the dataset including both long-tailed basal forms and the more derived pterodactyloids (electronic supplementary material, dataset S1; figure S1 ) [24] . For early avians, 28 species had complete enough specimens for the dataset, comprising 13 Enantiornithes, 10 members of Ornithuromorpha, 2 Confuciusornithiformes, 1 Sapeornithiformes and 2 non-pygostylians (electronic supplementary material, dataset S2 and figure S2 ) [25] . These datasets consist entirely of taxa from the Jurassic and Early Cretaceous deposits of Germany and China owing to both the completeness of preservation and the quantity of detailed publications providing measurements and images of specimens. A separate PCA was carried out using only the wing measurements.
The expanded pterosaur dataset is composed of 45 species ranging in age from approximately 215 Ma to approximately 79 Ma. The avian dataset consists of 63 species from all major Mesozoic clades (electronic supplementary material, dataset S2; figure S2 ).
To examine the effect of including metacarpal IV in the pterosaur antebrachial region, an additional set of analyses was carried out in which this element was included in the distal wing due to its homology to the metacarpal of birds. This approach is similar to that taken by previous studies comparing limb disparity in pterosaurs and birds, in which the arm was divided into homologous units [4, 5] . However, in this case primary feather length was incorporated in the distal wing unit in the avian dataset.
(d) Wing length correction
Whether differences in elbow angle at full wing extension affected the degree of overlap in wing lengths between pterosaurs and Mesozoic avians was also examined. The elbow angles used for both non-pterodactyloid and pterodactyloid pterosaurs were 1558 and 1608, respectively [13, 26, 27] . The exception was Pteranodon, for which the angle used was 1508 [28] . To my knowledge, no studies have been carried out on the range of elbow flexion in early avians. However, maximum elbow angles have been reported for modern birds during flight with, respectively, 1108-1208 and 1278 for the common starling (Sturnus vulgaris) and chukar partridge (Alectornis chukar) [29, 30] . Therefore, the elbow angle at full wing extension for Mesozoic birds was set to 1208. Two sets of wing lengths were calculated. The first was a simple summation of the forelimb element lengths. The second involved estimating the true length of the wing represented from the proximal end of the humerus to the distal end of the ulna using the following trigonometric equation:
where c equals the distance from the proximal end of the humerus to the distal end of the ulna, a is humeral length, b is ulna length and g is equal to the angle of the elbow (figure 1). The corrected wing length was then calculated by summing c and the remaining wing elements (manus and feather length in birds, metacarpal and digit IV in pterosaurs). It is important to note that the angles reported in vivo for neornithine birds include the constraints of soft tissues, whereas angles reported for pterosaurs do not [14] . Additionally, whether the elbow angles of modern birds can be applied to early avians remains to be tested. However, the intention here was simply to examine whether differences in elbow joint angle could affect comparisons of wing length and span between pterosaurs and early avians in order to see whether there is a need for further study in this area. This concern has been addressed in the results.
Results
The first principal component (PC) accounted for 87.1% of the variance (table 1). All variables loaded positively, indicating that PC1 scores primarily reflect size, with larger taxa having more positive scores. All loadings were weak (less than 0.05); however, as not all loadings were equal a small amount of shape variation is included in the first component. The second PC accounted for 6.2% of the variance. Both mandible length and metatarsal length loaded moderately (defined here as a loading between 0.5 and 0.8), with the former loading positively and the latter negatively. Brachial length also had a weak to moderate negative loading (20.47) . All other loadings were weak or neutral. Separation between birds and pterosaurs is clearly shown by plots of PC1 scores against PC2 scores, with only Confuciusornis sanctus and Longirostravis hani falling into the 95% ellipse of pterosaurs (figure 2). However, separation is not visible on individual axes as both groups have PCA of wing measurements alone also showed separation between birds and pterosaurs. PC1 accounted for 94.9% of the variance (table 2). All three variables loaded negatively on PC1, indicating that this axis primarily represents size, with stronger loadings for the antebrachium and distal wing than the brachial region (table 2). PC2 accounted for 3.5% of the variance but is clearly biologically meaningful. Separation of Mesozoic birds and pterosaurs is apparent in a plot of PC scores, with only Yixianornis grabaui falling within the 95% confidence ellipse of pterosaurs (figure 3a). However, there is an overlap between the two groups on each axis. Thus, separation is due to birds with PC1 loadings similar to those of pterosaurs having higher PC2 scores (figure 3a). This separation indicates that, compared with pterosaurs of similar size, Mesozoic birds had a longer brachial region and a shorter antebrachium.
With the pterosaur fourth metacarpal included in the distal wing, all variables had negative loadings and the redefined distal wing loaded most strongly on the first PC axis (table 2) . This PC accounted for 95.5% of the variance. On the second PC (accounting for 3.9% of the variance), brachial length loaded positively with moderate strength, whereas distal wing length loaded with similar strength in the opposite direction. Antebrachial length loaded weakly (less than 0.5) on this axis. The two groups clustered more closely in a plot of PC scores compared with the analysis of functional units, with seven avian species (C. sanctus, C. suniae, Y. grabaui, Changchengornis hengdaoziensis, Parapengornis eurycaudatus, Dingavis longimaxilla, Archaeornithura meemannae) falling within the pterosaur 95% confidence ellipse (figure 3b) and three pterosaurs (Jeholopterus ninchengensis, Sordes pilosus and Dendrorhynchoides mutoudengensis) falling within the avian ellipse. Birds that plotted similarly on PC1 to pterosaurs had higher PC2 scores.
Morphological and histological evidence indicates that pterosaurs were capable of flight prior to attaining adult body sizes, with several species exhibiting wide size ranges within which they were able to fly [15, 16, [31] [32] [33] . The earliest bird, Archaeopteryx, also exhibits a considerable size range throughout which it was capable of flight [34] . As such, it is possible that smaller individuals occupied distinctly separate niches to larger individuals within a population. To test whether this could change the observation of separation between birds and pterosaurs, all PCAs were repeated with the smallest individuals included for both avian and pterosaur species for which sufficient data on multiple individuals were available. In addition, species that had previously been excluded because they were described on the basis of immature individuals were added. In the PCA including both appendicular and mandible measurements, this had a marginal effect with only the second specimen of C. sanctus and Eopengornis martini added to the area of overlap between 95% confidence ellipses, while there was no increase in overlapping species between the groups in PCA of wing measurements (electronic supplementary material, figure S3 ). Only when the pterosaurian fourth metacarpal is treated as part of the distal wing is more than one additional species placed within the alternate ellipses (overall nine each of both pterosaurs and birds, see the electronic supplementary material, figure S4) ; however, smaller individuals fall both within and outside the area of overlap, with the only discernible pattern being that all three anurognathids fall within the avian ellipse in this analysis.
Paired Wilcoxon signed-rank tests found significant differences between the wing lengths of Mesozoic birds and pterosaurs both before and after correction of wing lengths ( p , 0.001). However, correction for elbow angle had little effect on comparisons between the groups, with substantial overlap between them both before and after correction (figure 4). 
Discussion
The results indicate little ecomorphological overlap between pterosaurs and Mesozoic birds. Previous studies using measurements of homologous fore-and hindlimb bones found a similar pattern [4, 5] . However, there are crucial differences. Firstly, there is a great deal of overlap between the groups on individual PC axes, and so unlike previous studies separation is apparent only when multiple axes are inspected. Mesozoic birds have relatively longer metatarsals, longer brachia and shorter mandibles compared with pterosaurs of similar size. Studies comparing the lengths of homologous skeletal structures found complete separation of Mesozoic birds and pterosaurs owing to the relatively longer hands, shorter proximal forelimb bones and shorter metatarsals of pterosaurs compared with birds [4, 5] . However, the distal wing had a relatively low loading on the second and third PC axes in this study, showing that variation in this element was not a major source of separation. This is due to the inclusion of primary feather length in the functional distal wing unit, which reduces the difference in relative lengths of this component between birds and pterosaurs. When comparing only the wing region patterns, separation between the two groups is also apparent. Mesozoic birds have longer brachial regions and a shorter antebrachial region than pterosaurs of similar wing length due to the inclusion of the pterosaurian metacarpal IV in the functional antebrachium. With the fourth metacarpal of pterosaurs included in its homologous position within the manus, overlap between the groups increases. In this case, birds tend to have relatively longer brachial lengths and shorter distal wings, which accords with previous studies that divided the wings into homologous units [4, 5] . Thus, the reduced separation between Mesozoic birds and pterosaurs in the second analysis is due to the inclusion of the primary feathers in the avian distal wing.
Interpretation of the results of morphospace analyses of extinct groups should err on the side of caution. Often, the goal of comparing the morphospaces of two groups is to inform hypotheses of ecological similarity and indicate the potential for competition between taxa [35] . However, a number of studies in extant animals show that there is frequently not a one-to-one correlation between morphology and function [35, 36] . Instead, different morphologies may correspond with similar functional traits and vice versa [35, 36] . This problem is likely to be amplified when comparing groups with long, separate evolutionary histories, with potentially differing internal constraints on morphological change resulting in differing solutions to similar ecological pressures [2, 35] . Nonetheless, there is good reason to believe that the variables used in this study are correlated with function. As previously mentioned, the forelimb measurements are for functional units based on models of pterosaur and avian wing morphology [12] . In addition, numerous studies have found hindlimb length and relative lengths of the leg bones to be associated with potential running ability, stride length and frequency, and habitat use in both bipeds and quadrupeds [37] [38] [39] [40] .
The results presented here and those of prior studies indicate that the relatively longer metatarsals of birds separates them from pterosaurs [4, 5] . Birds are digitigrade bipeds while pterosaurs were quadrupeds with a plantigrade foot [41] [42] [43] . As a result, a lengthening of the metatarsals in birds increases stride length [37, 38, 40, 44] , whereas owing to the ventral surface of the metatarsals contacting the ground in pterosaurs a lengthening of these bones would not produce the same benefit. As such, Mesozoic birds are likely to have had longer stride lengths relative to body size compared with the hindlimbs of pterosaurs and as such may have been more efficient terrestrial locomotors.
Birds also have relatively longer brachial regions compared with pterosaurs of similar size and wing length. This is due to the extension of the antebrachial region in pterosaurs, in particular the inclusion of the extended fourth metacarpal [12] . The elongate metacarpal IV of pterosaurs has been suggested as aiding in a quadrupedal vaulting launch for take-off [45] . Such a mechanism for take-off is very different from the bipedal launch of birds. The differences in wing morphology between birds and pterosaurs also probably indicate differences in the kinematics of flapping flight given that differences in wing segment lengths will affect the pattern of wing folding during flapping [46] . While the wrist of pterosaurs allows little movement relative to other joints, depending on the additional restraining effects of soft tissues this limited movement may have affected the flapping mechanism [13] . This raises the possibility of pterosaurs having four functional wing segments in flight, which would also have led to differing flight kinematics compared with that of birds.
Diet is another aspect of an animal's ecology that has yet to be compared quantitatively in birds and pterosaurs. Although stomach contents and crop remains have been identified in rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171556 some pterosaurs and Mesozoic avians [26, [47] [48] [49] , such specimens remain rare. Jaw shape is a good indicator of diet in extant birds [50, 51] , and it seems reasonable to assume that this is also the case with respect to Mesozoic avians and pterosaurs [52, 53] . This study is the first to incorporate aspects of jaw shape into morphospace comparisons between Mesozoic birds and pterosaurs, with the former found to have relatively shorter mandibles compared with pterosaurs of similar size. Despite the simplicity of the linear measurements used here, such data as beak length have been found to be useful in predicting the ecological niches and beak mechanics of birds [54, 55] . For example, longer beaks in combination with size have been found to distinguish passerines that probe for insects [55] . Evidence from fossil trackways indicates that pterosaurs walked and swam in shallow water and potentially show feeding traces in the substrate [56] ; thus one possible use of the longer jaws of pterosaurs was to enable probing of sediments in deeper water. For marine taxa, longer jaws could have allowed greater access to the water column without the need to fully enter the water if floating on the surface of the sea for prolonged periods was not viable [57] . In addition, stork-like terrestrial stalking has also been suggested for some pterosaur species [58] . This is not a definitive list, and it is likely that other factors such as tooth morphology, jaw mechanics and behaviour were important in determining feeding strategy.
Nonetheless, the importance of mandible length in separating these two groups indicates that further work in comparing diet and jaw function may be fruitful in ascertaining the means by which these two clades coexisted ecologically. These two groups could have competed over the same resources despite the differences seen in their functional morphology. Evidence for dietary overlap between both birds and pterosaurs from Early Cretaceous deposits of Liaoning Province, China, comes from avian fossils preserving crop contents and morphological features of some pterosaurs such as tooth shape [1, 3, 59, 60] . Competition over food resources between birds and pterosaurs may have occurred if the same food items were a limiting resource for species coexisting in the same environment [61] . As such, dietary overlap indicates the potential for competition under this condition. Whether such a condition could have occurred over millions of years and across different communities remains to be tested. This study's main outcome is to have shown that pterosaurs and Mesozoic birds were ecologically separated by a combination of differences in body size, locomotory mode and feeding adaptations. The large majority of birds and pterosaurs used in these analyses were from Late Jurassic and Early Cretaceous deposits owing to the shortage of complete specimens from the Upper Cretaceous. This temporal bias in the dataset does not dampen these conclusions as the hypothesis of competitive displacement of pterosaurs by birds suggests that this event should have occurred during the radiation of birds in the Late Jurassic and Early Cretaceous [1] . As such this time frame would be the point at which the likelihood of ecomorphological overlap should be at its greatest.
It would be interesting to know how the two groups shifted in morphospace with respect to each other during the latest Mesozoic. Pterodactyloid pterosaurs show a general trend of increasing size through the Cretaceous [1] ; however, taxa of similar size to Aves and earlier pterosaurs have now been found in latest Cretaceous deposits [62] . This indicates that the observed increase in minimum size in pterosaurs may be an artefact of increased size variation and preservational bias towards larger species. Combined with the lack of ecomorphological overlap between birds and pteosaurs, this indicates that competition between these groups was unlikely to be a driving factor in the evolution of pterosaurs. Evidence of at least partial dietary overlap provides the potential for localized competition between co-occurring birds and pterosaurs. However, it seems unlikely that this would have led to sustained competition between the groups over millions of years and the ecological displacement of the pterosaurian clade by birds. 
